We have found consistent and significant sex differences in recovery from the increased seizure susceptibility observed during ethanol withdrawal (EW) in our rat model system. The main objective of the present study was to determine if sex differences in EW generalized to an additional behavioral measure startle reactivity. Methods: Acoustic startle or seizure threshold responses were measured in separate groups of rats at 1 day or 3 days of EW. Results: Both pair-fed control and EW males showed greater increases in acoustic startle responses than either the female or ovariectomized female (OVX) counterparts. There was a selective effect of pregnanolone on acoustic startle in that it reduced peak force of response only at 3 days EW in male rats. Unexpectedly, it modestly increased startle reactivity in control female and OVX rats. Acute treatment with low-dose ethanol trended toward reducing startle responses in control animals, as expected, while generally enhancing startle responses during EW. All sex conditions showed an enhanced startle response during EW following administration of the higher dose of estradiol compared to control animals. Estradiol did not alter seizure thresholds in control animals. However, it was anticonvulsant for males at 3 days EW, females and OVX at 1 day EW. Conclusions: Observed sex differences in the startle reactivity during EW were consistent with earlier findings comparing EW seizure risk in male and female rats. Responses of OVX suggested that both hormones and differences in brain structures between males and females have a role in these sex differences. Our findings add weight to recommendations that treatment of alcohol withdrawal in humans should consider hormonal status as well as withdrawal time.
INTRODUCTION
Alcohol (ethanol) withdrawal (EW) is a major health concern because of the symptomology that manifests when alcoholics stop drinking. Withdrawal symptoms typically include anxiety, agitation and general dysphoria (Ballenger and Post, 1978; Goldstein and Pal, 1971) . Tremors may be present and, in severe withdrawal, may lead to intractable seizures. These symptoms are believed to arise from unmasking of the 'hyper excitable' state of the brain engendered by prolonged intake of ethanol. We have been using an animal model of ethanol dependence and withdrawal to study withdrawal behaviors and recovery progression. Several key behavioral assessments used in animal models reflect the hyper excitable state of the brain during EW, including elevated seizure risk and anxiety. For a number of years, we have used the determination of increased seizure risk as a major sign of EW (see Alele and Devaud (2007) , Devaud and Chadda (2001) and Koirala et al. (2008) ). Reactivity to an abrupt noise (acoustic startle) is believed to represent anxietylike behaviors and sensorimotor processing (Koch, 1999) and has been used by several laboratories to assess EW (Chester et al., 2004 (Chester et al., , 2005 Macey et al., 1996) . The increased startle reactivity generally observed during EW in various animal models is in agreement with reported enhanced startle reactivity in human alcoholics undergoing withdrawal (Krystal et al., 1997) .
Of particular interest to us is the possibility that the hormonal environment impacts behavioral responses during EW, especially as we now know that several ovarian steroids and their derivatives are neuroactive. We find a consistent and robust difference in the recovery time between male and female rats, with females recovered to pre-EW seizure risk by 3 days of EW whereas males continue to display increased seizure risk at this time (Alele and Devaud, 2007; Devaud and Chadda, 2001 ).
More recently, another study found that male mice demonstrated increased seizure risk following multiple EW, whereas females did not (Veatch et al., 2007) , providing further evidence for significant sex differences of EW. The intent of the present set of studies was to further explore hormonal influences on EW behaviors by determining if sex differences in seizure risk generalized to the startle response. To address the role of hormones on behavioral responses, we included ovariectomized female rats as the third sex condition.
METHODS
SD rats (Simonson Labs, Gilroy, CA, USA) were ∼50 days old at the start of each experiment. Rats were given a nutritionally complete liquid diet for 14 days (MP Biomedical, Solon, OH, USA). Half of the rats had 6% ethanol incorporated into their liquid diet, while the remaining half had the ethanol replaced with equivalent calories from dextrose (Alele and Devaud, 2007; Koirala et al., 2008) . The amount of diet consumed was recorded daily, and daily consumption averaged 10-13 g/kg of ethanol, enough to engender ethanol dependence. Animals were handled regularly to habituate before behavioral testing. Following the 14 days of ethanol exposure, the liquid diet was replaced with chow for all animals to initiate EW.
Bilateral ovariectomies were performed 5-7 days before the start of liquid diet administration in half of the female rats. The estrus cycle of intact females was monitored by daily collection of vaginal smears and histological examination of epithelial cell types. Near confluence of estrus cycles was achieved by the end of each experiment. Most females displayed a prolonged estrus stage, lasting 2-3 days. Fig. 1 . Acoustic startle responses at 120 dB averaged across 10 trials per treatment condition at 1d and 3d EW. Values presented are the mean ± S.E.M. from 11 to 14 control animals and 6 to 8 EW animals per sex condition. Preg = pregnanolone, which was given as an acute injection at either 4 mg/kg or 8 mg/kg. * P < 0.05 compared to the same sex condition con; a P < 0.05 compared to same sex condition EW.
Acoustic startle procedure
Testing was performed 1 day (1d) and 3 days (3d) after removal of the liquid diet. Animals were tested at both the 1d and 3d time points. The drugs used for the acoustic startle studies (pregnanolone, ethanol and estradiol) were injected IP 25 min prior to acoustic startle challenges. Different groups of animals were studied for each drug and each drug dose. Pregnanolone was tested at 4 mg/kg or 8 mg/kg (diluted in 20% cylclodextrin). Ethanol was tested at 0.62 g/kg (diluted to 20% v/v in saline). For estradiol, 120 μg/kg or 300 μg/kg doses were tested (dissolved at 100× in ethanol, then diluted with saline). Control animals were given vehicle-only injections. At 20 min after the injection, rats were placed in sound-attenuated chambers (Coulbourn Instruments, Allentown, PA, USA). A 5-min habituation period (no sound) initiated the session, followed by varying intensities (70 dB, 90 dB, 110 dB and 120 dB) of white noise in a randomized order and after randomized delays ranging from 8 to 20 s. Each tone was presented 10 times, taking ∼12 min in total. Wstart4 software (Coulbourn Instruments) was used for data collection.
Seizure threshold procedure
Seizure threshold determinations were made by constant tail vein infusion of pentylenetetrazol (PTZ). Animals were gently restrained for insertion of a 25 g butterfly needle into a lateral tail vein. The needle was taped in place, the animal removed from the hold and held lightly by the tip of the tail while allowed free movement. PTZ (5 mg/mL) was infused at a rate of 1.6 mL/min. The endpoint was taken as time to the first myoclonic twitch of the face and or neck. The estradiol or vehicle was administered IP 20 min before seizure threshold determinations. Seizure thresholds were calculated from the time of infusion × concentration of PTZ/body weight (kg).
Estradiol was tested at 40 or 120 μg/kg. Lower doses were used than for acoustic startle testing because seizure threshold determination is a more sensitive measure. Different sets of animals were used for each dose of estradiol and animals were used once only at either 1d or 3d EW. Acute drug challenges were included in the experimental design to extend our previous studies and to look for the potential of drugs to reduce EW symptomology severity (Alele and Devaud, 2007; Koirala et al., 2008) . All studies were the summation of at least two independent experiments to increase sample size and verify reproducibility of results. Control animals were run with each sex and treatment condition but did not vary across experiments or EW time points; therefore, control data for each sex condition were pooled for analysis. Data were analyzed by three-way ANOVA (SPSS, Inc., Chicago, IL, USA) comparing the sex condition by diet (6% ethanol v/v or control) by acute drug treatment. Post hoc analyses (LSD) were conducted when an overall main effect was observed.
RESULTS
The initial set of experiments explored acoustic startle responses by EW rats, with animals presenting a difference in the degree of response that varied by tone intensity. However, relative changes within groups were similar across the four tones tested. Therefore, only data for responses to the 120 dB tone are presented, as it is representative of relationships between treatments across the four tones tested. As shown in Fig. 1 , control male rats presented with an increased startle response compared to females or OVX, a consistent finding across all tones and sets of experiments, although the magnitude of this difference varied somewhat across experiments. Additionally, EW male rats displayed a significant increase in the startle response magnitude at both 1d and 3d EW compared to pair-fed control males (P < 0.05). There was a major Fig. 2 . Acoustic startle responses at 120 dB averaged across 10 trials per treatment condition at 1d and 3d EW. Values presented are the mean ± S.E.M. from 9 to 10 control animals and 5 to 7 EW animals per sex condition. Etoh = ethanol, which was given as an acute injection at 0.62 g/kg (as a 20% solution). There was an overall main effect of the sex condition (P < 0.02) for males versus females and males versus OVX but no overall main effect of EW or acute ethanol.
difference in the EW acoustic startle response by sex condition as neither females nor OVX displayed increased startle reactivity during EW (except for a trend toward increased reactivity by OVX at 1d EW in the pregnanolone challenge experiments). In these same experiments, we found that neither dose of the GABAergic neuroactive steroid, pregnanolone, altered responses in pair-fed control males. However, administration of 4 mg/kg pregnanolone resulted in an additional increase in the startle response at both 1d and 3d EW whereas the higher dose either had no effect (1d) or reduced (3d) startle responses. Pair-fed control female rats were much more sensitive to the 4 mg/kg dose of pregnanolone than males, evident as a dramatic 88% increase in response (P < 0.01). This enhancement of startle response was not seen at 1d EW but was again observed at the 3d EW time point. The 8 mg/kg dose of pregnanolone did not significantly alter startle responses during EW in females. Acute treatment with pregnanolone elicited a marked response only in pair-fed control OVX and at 3d EW for the 4 mg/kg dose, similar to responses by females. Statistical analysis found an overall main effect of pregnanolone (F 2, 227 = 6.9, P < 0.01) and sex (F 2, 227 = 21.8, P < 0.001). There were no significant interactions between EW, sex and pregnanolone. Post hoc analysis by LSD showed significance (P < 0.025) between vehicle and the 4 mg/kg dose of pregnanolone. Significant sex differences occurred between males versus females (P < 0.01) and versus OVX (P < 0.05) for control acoustic startle responses as well as EW startle responses. A comparison of responses across all test tones and experiments found that males consistently displayed enhanced startle responses at both 1d and 3d EW compared to control values, whereas female and OVX rats did not.
The second study tested the effects of low dose (0.62 g/kg) acute ethanol administration on startle responses during EW (Fig. 2) . Across all sex conditions, pair-fed control animals displayed slight, but not significant, decreases in startle responses, suggesting sensitivity to the anxiolytic effects of ethanol in this measure. In contrast, EW males showed increased startle reactivity following acute ethanol administration, more suggestive of sensitivity to the disinhibiting actions of ethanol, likely due to tolerance. This effect persisted through 3d EW. In contrast, females showed a reduction in the startle response (24%) at 1d EW but a 42% enhancement at 3d EW (P < 0.05). OVX animals were more similar to males in that they presented with marked increases in startle responses at both 1d and 3d EW after the acute ethanol treatment. Statistical analysis found an overall main effect of sex (F 2, 60 = 6.9, P < 0.01) in this set of experiments with a trend toward an effect of EW (F 1, 60 = 3.8, P < 0.07). There was no significant overall sex × EW interaction, although males again presented with a 42% and 26% increase in the startle response at 1d and 3d EW, respectively. In contrast, there was no EW-induced increase in acoustic startle responses for either females or OVX, consistent with our other acoustic startle experiments.
We next tested the acute effects of two supra-physiological doses of 17β-estradiol (Fig. 3) . We again noted an enhanced startle response at both 1d and 3d EW in male, but not female or OVX rats. Neither dose of estradiol tested had a significant effect on the startle response in pair-fed control animals across the three sex conditions. During EW, startle responses were enhanced in males at both 1d (45%) and 3d (27%) EW (P <0.01), suggesting an increased anxiogenic activity of this steroid during EW. EW females followed a similar pattern, with the greatest increase in the startle response occurring at the higher dose at 1d EW (66%; P < 0.05). OVX animals did not present with any alterations in the startle response during EW following administration of estradiol.
As these results tended to complement our earlier findings of the acute effects of the GABAergic modulators, pregnanolone and ethanol, on seizure risk, we next explored the effects of acute estradiol administration on seizure thresholds at 1d or 3d by guest on November 8, 2016 Fig. 3 . Acoustic startle responses at 120 dB averaged across 10 trials per treatment condition at 1d and 3d EW. Values presented are the mean ± S.E.M. from 10 to 12 control animals and 6 to 7 EW animals per sex condition. ES = 17β-estradiol, which was given as an acute injection at 120 or 300 μg/kg. * P < 0.05 compared to the same sex condition con; a P < 0.05 compared to same sex condition EW. Fig. 4 . Pentylenetetrazol seizure thresholds. Values presented are the mean ± S.E.M. from 7 to 10 control animals and 6 to 8 EW animals per sex condition at 1d or 3d EW. ES = 17β-estradiol, which was given as an acute injection at 40 or 120 μg/kg. * P < 0.05 compared to the same sex condition con; a P < 0.05 compared to the same sex condition EW.
EW (Fig. 4) . We used lower doses of estradiol than in the acoustic startle experiments because seizure threshold measurements are more sensitive to pharmacological manipulations. Consistent with our previous reports, we found that male rats showed an increased seizure risk (decreased seizure threshold) through 3d EW whereas females returned to control level seizure thresholds by the 3d time point. This is the first study where we directly compared seizure thresholds for OVX with males and females; OVX showed a reduction in seizure threshold that persisted through 3d EW, more similar to males than females.
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Acute administration of 120 μg estradiol provided a selective anticonvulsant effect, seen as increased seizure thresholds in 3d EW male rats and in 1d EW female rats. Effects of estradiol on seizure thresholds in OVX animals were more varied and of a smaller magnitude. For this measure, statistical analysis revealed an overall main effect of sex (F 2, 154 = 39, P < 0.001), EW (F 2, 154 = 52.8, P < 0.001) and estradiol treatment (F 2, 154 = 8.7, P < 0.01) as well as an EW × estradiol interaction (F 2, 154 = 2.6, P < 0.05).
DISCUSSION
Findings from the present set of studies expand on previously observed sex differences in behavioral measures of EW with the inclusion of a third sex condition, ovariectomized female rats. A key finding was that basal (ethanol naïve) acoustic startle responses differed across the three sex conditions and across all tones tested, suggesting that there are innate differences between males and females in reactivity to the startle stimulus. A second major finding was that EW male rats showed a consistent increase in startle reactivity during EW whereas both EW females and EW OVX showed small to no changes in acoustic startle responses compared to ethanol naïve controls, with some variability between tones and across experiments.
As all three sex conditions show other signs of withdrawal, including an increased seizure risk at 1d EW, the lack of an EW effect on acoustic startle responses for both groups of females suggest a separation between mechanisms underlying seizure risk from those underlying anxiety-like behaviors and/or sensorimotor gating. As development of ethanol dependence and ethanol withdrawal involve multiple brain areas and neurotransmitter systems (Grant and Lovinger, 1995; Olsen et al., 2007) , it is possible that there are differential brain adaptations between the sexes, thus conferring observed differences between measures of EW. The hippocampus, substantia nigra, piriform cortex and temporal cortex appear to be predominant sites involved in seizure initiation and expression (Brevard et al., 2006; Gale, 1992) whereas nuclei in the amygdala have been suggested to play a major role in moderating startle responses (Koch, 1999; Toufexis, 2007) . Previous studies have found basal sex differences in anxiety-like behaviors using the elevated plus maze and social interaction tests (Genn et al., 2005) . Furthermore, there is evidence for modulation of both anxiety-like and seizure responses by the hormonal environment (Foldvary-Schaefer et al., 2004; Maguire et al., 2005) , as well structural differences between male and female brains (see Schwarz and McCarthy (2008) for a review). Several groups of investigators have shown an association between sensitivity to ethanol and acoustic startle responses using animal models selected for differences in EW (Chester et al., 2004 (Chester et al., , 2005 Ponomarev and Crabbe, 1999) , with studies conducted in male animals. Of interest was recent gene expression profiling of selected lines of mice, which found a greater effect of sex than of withdrawal sensitivities (Hashimoto and Wiren, 2008) . Taken together with the present observations, it is likely that there are innate sex differences in behaviors that modulate EW responses involving modulation by the hormonal environment. Use of several acute pharmacological challenges during EW revealed differential sensitivity across the sex conditions as well as the two time points of withdrawal assayed. These divergent responses may also reflect innate differences in behaviors, such as in basal sensorimotor gating or fear/freezing that may be modulated by the presence of ovarian steroids, and are somewhat similar to basal differences observed in measures of anxiety-like behaviors. This could partially explain the consistently observed reduced startle in ethanol naïve female and OVX animals compared to males. However, no studies have directly addressed this question. Future experiments employing pre-pulse inhibition on startle responses are needed to better characterize potential inherent differences between male and female rats.
Testing the effects of these challenge drugs also revealed shifting expression of tolerance during EW, particularly in response to the acute ethanol treatment. Acute administration of a low dose of ethanol slightly reduced startle reactivity across sex conditions in ethanol naïve animals, indicating sensitivity to its anxiolytic activity. This effect was lost during EW in male and OVX animals, suggestive of tolerance. In contrast, EW females showed increased sensitivity to its anxiolytic effects at 1d EW but a shift to disinhibition (increased startle), indicative of tolerance at 3d EW. These data suggest that females remain sensitive to ethanol during early withdrawal, with tolerance more evident at later time points.
Modulation of startle responses by acute challenge with pregnanolone generally supported previous evidence for an anxiolytic action of the GABAergic neuroactive steroids (Baulieu, 1997; Paul and Purdy, 1992) . During EW, females had a reduced response to pregnanolone, suggestive of tolerance, with the enhanced startle reactivity restored by 3d EW, indicating a quicker recovery for females compared to males. In this measure, OVX animals responded more similar to females than males. Of particular interest was the apparent pregnanolone-induced disinhibition of startle seen in control females, adding further support to the suggestion that there are innate differences in startle reactivity between males and females. Responses to the acute estradiol challenge were generally more limited and unpredictable. 17β-Estradiol is a steroid with multiple actions that has generally been shown to be neuroprotective (Gerrits et al., 2006; Jung et al., 2004; Lunga and Herbert, 2004; Rewal et al., 2004) , although some studies suggest that estradiol may enhance excitatory neurotransmission (Ruddick and Woolley, 2001 ). Our observations were more suggestive of a protective (anticonvulsant) effect, which predominated in EW males. Estradiol has been shown to have multiple effects on multiple brain systems, with its actions influenced by sex, stress, age and other factors, making it difficult to tie any response to a particular mechanism (see Maggi et al. (2004) for a review). One commonality appears to be the influence of estradiol on the formation of dendritic spines that varies by brain area (Cooke and Woolley, 2005) and by stress (Shors et al., 2001 (Shors et al., , 2004 , which would influence behavioral expression of EW.
In summary, these findings extend previous investigations showing that sex condition modulates EW behaviors and recovery, likely involving influences by the hormonal milieu as well as innate structural differences in the brain. They support previous evidence for important sex differences in ethanol withdrawal symptomology (Deshmukh et al., 2003) and brain pathology (Pfefferbaum et al., 2001) in humans. The present results further highlight the need to be cognizant of the impact of gender when managing withdrawal in recovering alcoholics.
